Microporous activated carbon was prepared from almond shell powder and activated with H 3 PO 4 and was used for the removal of Cr (VI). The characterization of activated carbon was done for 
INTRODUCTION
Chromium is present in industrial effluents produced from electroplating, leather tanning, cement, mining, textile dyeing, dye manufacturing, paper, ink, aluminum conversion coating operations, steel fabrication, plants producing industrial inorganic chemicals, wood treatment units, paints and pigments, metal cleaning, fertilizer and photography industries and cause severe environmental and public health problems (Anupam et al. ; Tan et al. ) . In general, industrial wastes contain both hexavalent and trivalent forms of chromium (Nakajima & Baba ; Sonwani et al. ) . Cr (III) is nearly insoluble and hence aqueous concentrations are usually well below water quality standards (Anderson et al. ) . The hexavalent species are relatively more soluble and are 500 times more toxic than the trivalent species (Gupta & Babu ) . It is proven to cause skin irritation, epigastric pain, nausea, vomiting, severe diarrhea, hemorrhage and carcinogenicity in humans (Mohanty et al. ; Wang et al. ) . According to the World Health Organization (WHO), the permissible level in surface water bodies should be lower than 0.05 mg/L. Therefore, it is necessary to reduce Cr (VI) to acceptable levels before discharging effluents into aquatic environments. Adsorption is a reliable and cost effective method provided that the adsorbent used in the process has good adsorption capacity and is cheaply available. Many studies have been done on adsorptive removal of Cr (VI) from waste by using activated carbons derived from different materials (Table 1) . However, there is very limited published information available on the use of almond shell for preparation of activated carbon and its application for the removal of Cr (VI).
Almond is a dry fruit which is produced in several countries including India. The shell of almond fruit is a very good agro-waste and excellent adsorbent. Since it is primarily lingo-cellulosic in nature and hard, it can be used as a feed-stock for making activated carbon for adsorption of water pollutants including Cr (VI) to save the woody biomass which is used for preparation of activated carbon at industrial scale. Keeping this view, almond shell was used as a raw material to produce biochar which was finally activated using H 3 PO 4 . The prepared activated carbon was used for removal of Cr (VI) in batch adsorption experiments under optimum operating conditions.
MATERIALS AND METHODS

Adsorbate: chromium (VI)
All the solutions were prepared by using deionized water, and stock solution of 1,000 mg/L Cr (VI) was prepared by dissolving potassium dichromate (analytical reagent [AR] grade). The test solutions of Cr (VI) were prepared by diluting the stock solutions to specific concentrations as per the requirements.
Preparation of activated carbon
The almond shells were obtained from the local market. The shells were crushed in the disintegrator and sieved to obtain 14-72 mesh (BSS, British Standard Sieve) fractions. Chemical activation of the powdered shells was performed with 40% H 3 PO 4 (AR grade) using the procedure reported by Girgis et al. () . The impregnation ratio of 3:1 (weight of H 3 PO 4 :weight of powdered shells, w/w) was used for 
Physicochemical characterization of activated carbon
The physicochemical characterizations of the samples were carried out in order to know their chemical composition, functional groups, morphology, and surface area. Various functional groups present on the surface of activated carbon were analyzed using a Fourier transform infrared spectroscopy (FTIR) analyzer (Scientific, Nicolet 5700).
The surface morphology was analyzed using scanning electron microscopy (SEM) (FEI™, Quanta 200F) to determine the surface texture and the porosity. The average pore size or diameter was also calculated using SEM results.
The elemental analysis of the almond shell powder and activated carbon were determined by using an elemental analyzer (Euro-EA) and results are presented in Table 2 .
The surface area, pore volume and pore size of the almond shell powder and activated carbon were determined using the N 2 adsorption at À196 C and N 2 desorption at ambient temperature with degassing at 300 C using a Smart Sorbs 92/93 surface area analyzer (Smart Instruments Co. Pvt. Ltd).
The pH value required to give zero net surface charge is pH pzc . The surface is positively charged below this pH and negatively charged above this pH. A plot of the equilibrium pH versus initial pH yielded a curve from where the pH pzc was identified as the point at which the change of pH is zero.
Adsorption experiments
The adsorption experiments were conducted in 250 mL The applicability of different absorption isotherm models was studied using the experimental findings. The residual concentration of adsorbate was determined by measuring the absorbance of the purple complex of Cr (VI) with 1,5-diphenyl carbazide at 540 nm using a UV-spectrophotometer (Elico, SL 159). The difference in Cr (VI) concentration before and after the adsorption was used to calculate the percentage adsorption of Cr (VI).
The amount of adsorbed Cr (VI) per gram of activated carbon was calculated using Equation (1):
where C 0 (mg/L) and C e (mg/L) are the initial and equilibrium concentration of Cr (VI) respectively, V (L) is the and q e (mg/g) is the metal uptake capacity of activated carbon.
Adsorption isotherms
Adsorption isotherms provide useful information, including the adsorption mechanism for the adsorption of Cr ( 
Langmuir isotherm
The Langmuir isotherm model (Langmuir ) is valid for the monolayer adsorption which assumes that all active sites of adsorption are homogeneous in nature and the adsorption at one site does not affect an adjacent active site of adsorption. The linear from of the Langmuir isotherm model is expressed by Equation (2):
where b is the adsorption equilibrium constant (L/mg) related to the energy of adsorption and q m (mg/g) is the quantity of adsorbate required to make a single layer on a unit mass of adsorbent.
A further analysis of the Langmuir isotherm can be made on the basis of a dimensionless equilibrium parameter, R L , also known as the separation factor and given by Equation (3): 
Freundlich isotherm
The Freundlich model is an empirical equation which assumes that the active sites of adsorption are heterogeneous in nature and adsorption at one site affects the adsorption at the adjacent site. Kanjanarong et al. () reported the linearized form of the Freundlich isotherm model. The linearized form of the Freundlich isotherm model can be expressed as in Equation (4):
where K f and n are the Freundlich isotherm constants. K f (mg/g (L/mg) 1/n ) indicates the adsorption capacity and n stands for the intensity of the adsorption.
Temkin isotherm
The Temkin isotherm model contains a factor that describes the interactions between adsorbent and adsorbate ( form of the Temkin model is given by Equation (5):
The above equation can be simplified as given by Equation (6):
where 
Dubinin-Radushkevich isotherm
The D-R isotherm model is used to estimate the nature of the adsorption process, whether it is physical or chemical represented using the following non-linear Equation (7):
where K is a constant related to adsorption energy (mol 2 /J 2 ). ε, the Polanyi potential is calculated from the equation, RT ln (1þ (1/Ce)), where R (J/mol K) is the universal gas constant and T is the temperature. The mean free energy of adsorption (E) is calculated using Equation (8):
The E value gives information about the adsorption type; if the value of E < 8 kJ/mol the adsorption process is governed by physisorption, while for E > 16 kJ/mol chemisorption prevails.
Kinetic studies
In order to analyze the kinetics of the adsorption process, the equilibrium data were fitted to pseudo-first-order, pseudo-second-order and intra-particle diffusion models.
To investigate the adsorption kinetic, experiments were performed at different initial concentrations of Cr (VI) at pH 2, temperature of 35 C and dose of 2.5 g/L. The contact time was set to 240 min in each experiment to ensure each adsorption process could reach the equilibrium value.
Pseudo first and second order models Lagergren proposed a model on pseudo-first-order kinetics (Kanjanarong et al. ) . The linearized-integral form of the pseudo-first-order model is represented as Equation (9):
where q e and q t are the sorption capacities at equilibrium and at time t (mg/g), respectively, and k 1 is the rate constant of pseudo-first-order sorption (min
À1
). The values of k 1 and q e can be determined from the slope and intercept of the graph of ln (q e Àq t ) versus t.
The pseudo-second-order sorption kinetics (Kanjanarong et al. ) can be expressed as shown in Equation (10):
where q e and q t are the sorption capacity at equilibrium and at time t (mg/g), respectively, and k 2 is the rate constant of the pseudo-second-order sorption (g/mg-min) which can be determined by plotting the graph of t/q t versus t.
Intra-particle diffusion model
The intra-particle diffusion model was proposed by Weber and Morris (Weber & Morris ) and describes information about mechanisms and rate controlling steps in the adsorption kinetics. This equation provides information about the rate-limiting step in the adsorption process. This may occur due to the diffusion of the adsorbate into the adsorbent layer. The model is represented using the following equation:
where k id is the intra-particle diffusion rate constant (mg/g min 1/2 ), and the value of I (mg/g) represents the thickness of the boundary layer. The values of I and k id are obtained from the intercept and slope of the curve, respectively.
Thermodynamic study
In order to find out the nature of the adsorption process, the mechanism, spontaneity and heat change in adsorption of Cr (VI) on ASAC, it is important to determine relevant thermodynamic parameters. The enthalpy change, ΔH , entropy change, ΔS and Gibbs free energy change, ΔG , were determined using:
where T is the absolute temperature (K), R is the gas constant (8.314 J/mol K) and K 0 is the distribution coefficient calculated using the following equation:
Thermodynamic properties were calculated by plotting the graph of ln K 0 versus 1/T.
Statistical analysis
Maximum experimental findings were analyzed by statistics software tools. These data were calculated and the values of average, standard deviation and relative standard errors (RSE) were found. For the other parts of the experiments, mostly single experiments were carried out in this work.
RESULTS AND DISCUSSION
Characterization of activated carbon
The pH pzc value of ASAC was found to be 5.5, which indicates that at this pH the net surface charge of the activated carbon is zero, whereas at pH <5.5, the adsorbent surface is positively charged and at pH >5.5, it is negatively charged.
FTIR spectra of the adsorbent before and after adsorp- Figure 1 ).
Differences in SEM images were observed between surface topography of ASAC before and after adsorption. SEM photomicrographs before and after adsorption are shown in Figure 2 . From Figure 2 , it is clear that ASAC has a highly porous structure with greater homogeneity. The SEM photomicrograph after Cr (VI) adsorption shows that a layer is formed due to Cr (VI) adsorption on the surface of the activated carbon and some Cr (VI) has also filled the pores.
From adsorbent for adsorption of Cr (VI) and other pollutants from wastewater (Table 2 ). The other important physical properties like pore volume, average pore size and point of zero charge of prepared activated carbon were found to be 0.3266 cm 3 /g, 2.39 nm and 5.20 (Table 2) , respectively, which may play an important role in the adsorption. 
Effect of adsorbent dose and contact time
Effect of initial Cr (VI) concentration
The effect of initial concentration on Cr (VI) removal by ASAC was studied at different initial Cr ( 
Adsorption isotherm
The values of the isotherm parameter and the coefficient of determination (R 2 ) of four equilibrium models at different temperatures are shown in Table 3 
Kinetic study
The calculated values of different kinetics parameters are presented in Table 4 . The q e value can be calculated from It has been found that the q e values calculated from the pseudo-second-order model are close to experimental values of q e for all Cr (VI) concentrations. The coefficient of correlation (R 2 ) was also compared for all three kinetic models and it was found that the R 2 value was more (near to unity) for the pseudo-second-order 
Thermodynamic study
The thermodynamic parameters were obtained for initial 
Practical application of this work
The remediation of Cr (VI) is a challenging problem due to its high level of toxicity even at very low concentration. Presence of more than the permissible level of chromium in water and soil poses severe health issues in many parts of the world. There are various techniques available for removal of chromium, each with their advantages and limitations. Cost effectiveness and affordability of the available techniques are the most important aspects. In the present study an agro-waste is utilized for conversion into biochar/activated carbon which is then used for removal of chromium with good removal efficiency. The investigated material is quite attractive because of its low cost. It will also help to reduce solid agro-waste. Another advantage of biochar is that it improves the fertility of soil. Therefore, it can be effectively used to remove the chromium toxicity of the soil along with improving its fertility.
Future research prospects
The development process can be extended to a pilot-plant- (b) the work should be planned to use the material for reducing chromium toxicity of soil; and (c) the work should be planned using the biochar/activated carbon along with the microbial population able to convert chromium into non-toxic forms.
CONCLUSIONS
In the present study, ASAC was prepared and used as a base 
